We present a method to obtain spatial distributions of seismic anisotropy associated with regional stress and local faulting in the crust from wide-angle seismic data. The method contains three steps. The first step consists of obtaining radial-and transverse-component seismic sections using a pre-stack depth migration algorithm from the S-wave velocity model determined by conventional interpretation of picked intra-crustal seismic events. In the second step, we compute time delays between split shear-waves and polarizations of fast split shear-waves by minimizing the transverse-component seismic energy. The time delay and polarization in each layer are derived using a layer-stripping method. The final step is to estimate the average splitting parameters along the whole profile. Thus, the average time delay and polarization can be regarded as caused by the effects owing to regional structure and stress fields, whereas the residual values of the splitting parameters are considered to be related to local structures and local faulting. Our method allows us to construct multi-layer anisotropic images, which may later be interpreted in terms of intra-layer coupling/decoupling or deformation. We present results from a set of three-component seismic data acquired by a controlled source experiment in the southeast region of China. The results demonstrate that the average polarizations and time delays are consistent with the direction and strength of the stress field, and their lateral variations related to local anisotropy match the spatial distribution of surface faulting crossing the acquisition seismic profile.
delay and polarization in each layer are derived using a layer-stripping method. The final step is to estimate the average splitting parameters along the whole profile. Thus, the average time delay and polarization can be regarded as caused by the effects owing to regional structure and stress fields, whereas the residual values of the splitting parameters are considered to be related to local structures and local faulting. Our method allows us to construct multi-layer anisotropic images, which may later be interpreted in terms of intra-layer coupling/decoupling or deformation. We present results from a set of three-component seismic data acquired by a controlled source experiment in the southeast region of China. The results demonstrate that the average polarizations and time delays are consistent with the direction and strength of the stress field, and their lateral variations related to local anisotropy match the spatial distribution of surface faulting crossing the acquisition seismic profile.
Keywords
The Yangtze block · The Cathaysia block · Wide-angle seismic data · Seismic anisotropy · Regional stress · Local faulting
Introduction
Many recent studies have shown that seismic anisotropy may be used to uncover structures and evolution of the earth's crust and upper mantle as it is closely related to the strain-induced preferentially oriented anisotropic minerals (Mooney and Brocher 1987; Christensen and Mooney 1995; Savage 1999) . The polarizations of fast split shearwaves and time delays between the fast and slow split shear-waves, are used to infer the orientation of the principal axes of strain and the thickness of anisotropic layers in the upper mantle (Silver and Chan 1991; Savage 1999; Kendall 2000; Vecsey et al. 2007) , and to detect the present and past tectonic activities in several mountainous regions (Vinnik et al. 1989 ), even to study plate motions and global convection (Babuska and Cara 1991) . In these studies, the anisotropic effects due to local faulting, which may show seismic signature of tectonic activities, have been neglected or have large uncertainties associated with the measurements of polarization directions and time delays. To reveal anisotropic effects due to local faulting, three-component seismic data recorded by densely distributed seismic stations have been analyzed. Shear-wave reflection data from a wide-angle seismic experiment provide valuable information about the effects of local faulting and crust-scale deformation. Generally, reflections within the time window constrained by the reflection events from the crystalline basement and the Moho can meet the requirement of the shear-wave window (Booth and Crampin 1985; Liu and Crampin 1990 ) even though the signal/noise ratio may not be very high. This is also an accepted assumption when radial-and transverse-component shear-wave records (at the surface) are used to directly detect shear-wave splitting (Carbonell and Smithson 1991; Godfrey et al. 2000; Zhang et al. 2000a) . In all the previous studies, shear-wave splitting measurements are undertaken in the space-time domain, and therefore it is difficult to obtain depth-dependent anisotropic parameters.
In the last decade, the pre-stack depth migration (PSDM) method has been used to study crustal structures using wide-angle seismic data (Lafond and Levander 1995; Zhang et al. 2000a; Morozov and Levander 2002) . The PSDM originates from exploration seismics. For crustal studies, the fold number from wide-angle seismic experiments may not be as high as used in conventional 3D industry-type seismic reflection surveys.
In this paper, we present a scheme to image the spatial distribution of anisotropic parameters in the crust from wide-angle seismic data. By estimating splitting parameters along the whole profile or tectonic blocks crossed by the wideangle seismic sounding, the average time delays and polarization can be obtained and are interpreted as due to regional anisotropy (regional stress), whereas the residual values of the splitting parameters are thought to be related to local anisotropy (local faulting).
Test of pre-stack depth migration on synthetic data
We utilize synthetic shear-wave data to illuminate the scheme to image the spatial distribution of shear-wave splitting parameters in the crust from wide-angle seismic data. Three-component seismic data are generated using a finite-difference algorithm (Zhang et al. 2000b; Yang et al. 2002) . Figure 1a presents a geological model with three layers, where the top layer is anisotropic and the second and the bottom layers are isotropic. The parameters of the anisotropic medium are Vp = 4.2 km/s, Vs = 2.94 km/s, ρ = 2.6 g/cm 3 , and crack density ε = 2% and the survey line is at azimuth = 0
• relative to the strikes of vertically aligned cracks for the medium 1 (Fig. 1a) , representing the background anisotropy, which can be considered as due to horizontal regional stress. In order to describe the influences of local faults, we assume there are two faults in the background medium: one fault penetrates to the bottom of the first layer, and another fault penetrates to the bottom of the second layer. The related parameters to describe the faults are Vp = 4.1 km/s, Vs = 2.87 km/s, ρ = 2.55 g/cm 3 , ε = 4% and the survey line azimuth = 30
• relative to the strikes of vertically aligned cracks for the first shallow fault (F1 in Fig. 1a) ; and Vp = 4.533 km/s, Vs = 3.096 km/s, ρ = 2.8 g/cm 3 , ε = 4%, and the azimuth = 30
• relative to the strikes of vertically aligned cracks for the deep fault (F2 in Fig. 1a ). Media 2 and 3 are both isotropic with Vp = 4.8 km/s, Vs = 3.36 km/s, ρ = 3.0 g/cm 3 for medium 2 and Vp = 5.0 km/s, Vs=3.0 km/s, ρ =3.2 g/cm 3 for medium 3. The model size nx by nz is 1,001 by 81 and the Figure 1b and c show the radial-and transverse-component seismic gathers for the shot on the surface location at (701, 1). The fast and slow split shear-waves from the upper and lower layer are denoted by S1 and S2, respectively. From the radial-and transversecomponents, we can construct the spatial distribution of shear-wave splitting parameters using the following three steps.
In the first step, we obtain radial-and transverse-component reflectivity sections using a pre-stack depth migration from the S-wave ve-locity model determined from conventional interpretation of picked intra-crustal seismic events. Figure 2a and b present the radial-and transversecomponent reflectivity images after pre-stack depth migration from the S-wave crustal velocity model (Fig. 1a) . The second step is to compute time delays between split shear-waves and polarizations of fast split shear-waves by minimizing the transversecomponent seismic energy from the previous reflectivity sections (Fig. 2c) . The time delay and polarization in each layer are derived from a layerstripping approach (Vinnik et al. 1989; Silver and Chan 1991; Savage 1999; Teanby and Kendall 2004; Crampin and Gao 2006) . All these computation procedures to estimate time delays and polarizations are implemented in time domain. After the conversion of pre-stack migrated data from depth section into time section with a shearwave velocity model, the estimation of time delays between split shear-waves and polarizations of fast split shear-waves and layer stripping can be realized in the same way as in PS converted-wave (radial-and transverse-component) sections. In principle, the processing method needs to take account of the variation in splitting parameters with ray geometry and path length, which can only be realized after we obtain an accurate anisotropic model for migration. Obviously, neglecting the dependence of splitting parameters with ray geometry and path length in post-and pre-stack migration will lead to some uncertainties in splitting parameters for cracked/fractured reservoir description and tectonic deformation study.
Finally, we estimate the average splitting parameters along the whole profile (this average is similar to the calculation of the regional stress field from numerous stress measurements), and the residuals are considered to be related to the local stress field. Thus, the average time delays and polarizations are viewed as the effects caused by regional anisotropy (Fig. 3a) , whereas the residual values of the splitting parameters are interpreted as due to local anisotropy (Fig. 3b) . From  Fig. 3 , we can see the polarizations at regional scale are consistent with the regional stress, and the polarizations associated with local anisotropy correspond to local features. This method can thus be used to construct anisotropic images for multilayers. Understanding the tectonic evolution of southeastern China is among one of the most exciting problems in modern earth science regarding the occurrence of the collision and transition of various cratons during the Precambrian period (Huang 1977) , Paleozoic (Zhang et al. 1984) and Mesozoic (Hsu and Sun 1988; Hsu and Li 1990; Coe 1993, 1995; Gilder et al. 1996; Chen and John 1998; Zhou and Li 2000) . The lateral offset of marker beds of the order of hundreds of kilometers and the identification of major shear zones have prompted to suggest that the entire eastern part of the Chinese landmass was dominated by the Mesozoic Sinistral shear system (Xu et al. 1987; Pei and Hong 1995; Hong et al. 1990 Hong et al. , 2002 . Hsu and Sun (1988) and Hsu and Li (1990) claimed that a series of fold belts within the region and the southeast of the Yangtze block were accreted by the subduction and the closure of ocean basins in Alpine-type collisions to the Yangtze block in the early Mesozoic or later. As the lithosphere experienced a strong deformation due to the collision of the Yangtze and the Cathaysia blocks, the above two contradictory views may be unraveled by the study of the crustal-scale seismic anisotropy structure beneath the area. We analyze the three-component wide-angle seismic data acquired in the southeast of China with a focus on seismic anisotropy to investigate the crustal deformation in order to evaluate the two contradictory views about the tectonics of the Yangtze and the Cathaysia blocks.
3.1 Wide-angle seismic data and velocity structure
The three-component wide-angle seismic data were acquired by five in-line active sources in 1990 (see Fig. 4 ). The P-and S-wave traveltime interpretations are described in detail elsewhere (Xiong et al. 1993; Zhang et al. 2005) . In this study, we firstly rotate the shear-wave data from the North-South (NS) and the East-West (EW) directions to the radial and transverse components, and then obtain the reduced shot-gather shearwave sections for the radial and transverse components with a reduction of shear-wave velocity of 3.5 km/s. An example of receiver gathers with the shot at Fengle is displayed in Fig. 5 , where the top seismic gather is the radial component and the lower section is the transverse component.
We can see that in general the data are of very high quality. The interpreted events are shearwave refractions from the boundary between crust and the uppermost part of the upper mantle or the Moho (Sn), and shear-wave reflections from within the upper to the lower crust (S1, S2, S3 and S4) and the Moho (SmS). In the following prestack migration the refraction waves are excluded in order to satisfy the shear-wave window requirement. The P-wave velocity model is interpreted based on the traveltimes of the Pg, Pn, PmP arrivals and other arrivals within the crust (Xiong et al. 1993; Zhang et al. 2005 ). In the interpretation of crustal shear-wave velocity structure, we fix the reflector geometries in the crust as determined from the P-wave velocity structure inverted from P-wave data, and adjust shear-wave velocities to fit the observed shear-wave traveltime. The final crustal shear-wave velocity model is shown in Fig. 6a . To study the shear-wave arrivals from the crust, we use the pre-stack depth migration (Zhang et al. 2000b ) to reconstruct the radial-and transverse component shear-wave reflection images in the crust from the five shot wide-angle seismic data. From the ray coverage of the experiment, we know that the maximum coverage is five in the central portion of the profile, and most of the portions of the crust are stacked by three times (Zhang et al. 2005) . So even though the fold is not as high as in seismic data used in hydrocarbon (Fig. 5) have been drawn on top of the three plots in order to provide a comprehensible view industry (Mooney and Brocher 1987) , we may still determine the reflection pattern using the same migration scheme to that used in conventional seismic data. In the migration of wide-angle seismic data, we use the final interpretation of shear-wave velocity as the input model, and set the depth and horizontal intervals to be 0.5 km. Figure 6b and c show the shear-wave reflection sections for the radial and transverse components, respectively. From these figures and crustal P-, Swave velocity models, we can see that there are at least two shear-waves with strong amplitudes, one at the depth of approximately 20 km, and another from the Moho discontinuity (about 35 km).
Local anisotropy
After we have obtained the shear-wave images in the depth domain for the radial and transverse components ( Fig. 6b and c) , we estimate the polarizations of fast split shear-waves and the time delays between split shear-waves using the technique of Silver and Chan (1991) , which is applicable to time series data. We transform the shear-wave reflection sections from depth domain into time domain, and estimate fast shear-wave polarization and time delays in the time domain, and finally transform the data back into depth domain. Since the results are averaged over the depth, a layerstripping technique to eliminate the effects of the underlying layers is used (Vinnik et al. 1989 ).
From the procedure described above, we can obtain the final images of anisotropy. Figure 7 shows the final results for the residual polarizations of the fast shear-waves derived from shear-wave splitting analysis. In this and following sections we discuss residual polarization values, unless stated otherwise. The crustal residual polarizations (local anisotropy) vary laterally along the whole profile and are N160-190 • E (yellow/ orange colours in Fig. 7) in the section to the NW of the Jiangshan-Shaoxing fault (0-150 km), and N80-130
• E (light blue/green colours in Fig. 7 ) along the section to the SE of this fault (150-380 km). These last polarization values demonstrate consistency with the average polarization direction, which is close to the N120
• E direction that is the tectonic plate stress direction as deduced from the GPS measurements (Wang and Zhang 2001) . The polarization directions of the faster split shear-waves also show variations in both the upper crust (above the depth of about 25 km) and the lower crust (within the depth range of 25 km to 35 km), although they are perhaps more visible in the southeast segment of the profile. Furthermore, the magnitude of shear-wave anisotropy as characterized by the time delays also varies along the profile from northwest to southeast, indicating the change in local anisotropy: the time delays are larger in the southeast than in the northwest. From the surface to the Moho, the time delays at shallow depths (less than 20 km) are also much higher than at deeper depths (in the lower crust).
Interpretations

Boundary between the Yangtze and the Cathaysia blocks
The Jiangshan-Shaoxing fault is geologically known to be of crustal scale (Hsu and Sun 1988; Hsu and Li 1990; Pei and Hong 1995; Coe 1993, 1995; Gilder et al. 1996; Chen and John 1998; Hong et al. 1990 Hong et al. , 2002 , and is normally referred to as the boundary between the Yangtze and the Cathaysia blocks (Fig. 4) , where the shear-wave velocity changes abruptly from 3.9 to 4.3 km/s at the top of the mantle (Zhang et al. 2005) . The fast shear-wave polarizations of shearwave splitting provide additional evidence to support this (Fig. 7) . In the Yangtze block, northwest of the Jiangshan-Shaoxing fault, the polarizations are mainly in the north-south direction for the upper crust (shallower than 20 km). However, in the Cathaysia Block, to the southeast of the crustscale fault, the polarizations of fast shear-waves are predominately in the N110-120
• E direction, but other polarizations close to N90-100
• E can be observed in other parts of the crust (Fig. 7) .
Crustal deformation
Across major faults, there may be differences in geology and there may also be differences in maximum stress direction. Either or both of these differences can cause changes in polarization. Therefore, differences in the present local anisotropy across the faults may be the result of rocks with completely different formation histories being brought together, but not necessarily different stress directions. From the results of shear-wave splitting analysis as shown in Fig. 7 , we find several polarization changes along the acquisition profile Tunxi-Wenzhou, and above all a conspicuous variation between the northwest and southeast transects at an offset of about 150 km which only provides further evidence for a deep lateral discontinuity which we recognize at the surface as a major fault (Jiangshan-Shaoxing).
Anyhow, even assuming that changes in local anisotropy across faults are as likely to be due to different geological histories, and different previous stress directions, rather than variations in the current stress direction, the split shear-wave polarization directions observed along the profile may indicate the directional variations of the plate movement, or the crustal deformations induced in the past by possible multi-stage collisions and thrusting. Because the polarization direction and the maximum stress direction coincide (Vinnik et al. 1989; Savage 1999) , the force direction of the stress field has clearly changed on the two sides of the Jiangshan-Shaoxing fault belt and other regional faults along the section to the NW of the profile (Lin'an-Majin, Wuxing-Jiande, Qiuchuan-Xiaoshan and Quzhou-Tangxian) and the SE transect of the profile (Ningbo-Longquan and Zhenhai-Wenzhou). Therefore, the variation in both polarization and magnitude of local seismic anisotropy may indicate that the crust of the southeast of China endured multi-stage collisions as suggested by geologists (Hsu and Sun 1988; Hsu and Li 1990; Coe 1993, 1995; Gilder et al. 1996; Pei and Hong 1995; Chen and John 1998) . The above results are also consistent with the plate stress direction distribution from focal mechanism and fault plane solution (Xu and Wang 1986 ) and GPS measurements (Wang and Zhang 2001; Xu et al. 2002) .
Conclusions
We have proposed a method to estimate the average of the shear-wave splitting parameters from wide-angle reflection seismic data. The synthetic and real data results demonstrate that the average time delay and polarization may be related to the regional stress field, whereas the residual anisotropy is attributed to local faulting. These results are potentially useful to understand the intralayer coupling/decoupling or deformation in the crust and upper mantle. Especially, the estimation of the local anisotropy from local fault activities may help to monitor the temporal activities of active faults if active source three-component measurements can be repeated in the specific earthquake occurrence zone and other interest areas .
Based on crustal shear-wave velocity model and seismic anisotropy analysis of the wide-angle seismic data in the southeast of China, we have obtained the polarization of fast shear-waves and magnitude of time-delay distribution between the fast and slow shear-waves. The results allow us to distinguish the Yangtze and the Cathaysia blocks with different orientation of polarizations and magnitude of seismic anisotropy in the corresponding crusts. Combining the crustal shear-wave velocity model, the velocity ratio of P-and S-waves, and the seismic anisotropy pattern, we support the argument that the JiangshanShaoxing fault is the boundary between the Yangtze and the Cathaysia blocks (Zhang et al. 2000a (Zhang et al. , b, 2005 (Zhang et al. , 2008 . Through the analysis of the lateral variation of seismic anisotropy along the acquisition seismic profile Tunxi-Wenzhou, we find that there are four segments separated by the Lin'an-Majin fault, the Jiangshan-Shaoxing fault and the Zhenhai-Wenzhou fault with relatively constant seismic anisotropy, which may be attributed to early different stages of crustal deformations induced by the multi-stage collisions as suggested by Hsu and Sun (1988) and Hsu and Li (1990) .
